Background and aim: Hypogonadism frequently occurs in men with type 2 diabetes mellitus (T2DM), while the role of glycemic control and visceral obesity is still unclear. This study aimed to assess the Leydig cell function, including the new sensitive marker insulin-like factor 3 (INSL3), in T2DM patients without overt hypogonadism and the influence of either glycemic control or visceral adiposity. Subjects and methods: Thirty T2DM patients (age 57.1G6.2 years, body mass index (BMI) 28.0G4.3) without overt hypogonadism and 30 age-and BMI-matched controls were studied. Anthropometric, glycometabolic parameters and testosterone, SHBG, LH, INSL3 levels, bioavailable and free testosterone (BT and cFT) were evaluated. The human chorionic gonadotrophin (hCG) test was also performed. Results: Patients had lower total testosterone (452.6G130.0 vs 512.6G117.3 ng/dl, PZ0.06), BT (189.7G36.4 vs 237.1G94.1 ng/dl, PZ0.002), cFT (8.1G1.6 vs 10.1G4.0 ng/dl, PZ0.002), and higher LH levels (3.5G1.6 vs 2.6G1.2 mU/ml, PZ0.01) versus controls. Serum INSL3 concentrations were also lower in patients (1.1G0.3 vs 1.5G0.7 ng/ml, PZ0.01). These hormonal parameters, including INSL3, did not differ between T2DM patients with poor or good glycemic control (HbA1cO9 or !7% respectively). In patients, waist circumferences (97.9G12.4 cm) negatively correlated with INSL3 (PZ0.03) and basal, as well as hCG-stimulated testosterone levels (PZ0.04 and 0.004 respectively). Basal or stimulated hormonal levels and INSL3 concentrations were not different between patients with (40%) or without erectile dysfunction. Conclusions: An early impairment of the overall Leydig cell function is present in men with T2DM, mainly related to visceral adiposity rather than to glycemic control.
Introduction
A frequent occurrence of overt hypogonadism has been reported in men with type 2 diabetes mellitus (T2DM). However, different criteria have been used for defining hypogonadism in diabetic men, including biochemical evidence of hypogonadism, as suggested by low total or free testosterone levels, or the association of both symptoms and biochemical evidence of testosterone deficiency (1) (2) (3) (4) (5) (6) (7) . In addition, the mechanisms underlying the low testosterone levels in male diabetic subjects and the effect of T2DM comorbidities, such as visceral obesity, remain still unclear. Several studies investigating the hypothalamic-pituitary-gonadal (HPG) axis in T2DM gave conflicting results. Indeed, either hypo-or hypergonadotropic hypogonadism has been reported (2, (8) (9) (10) . A recent study demonstrated an association between insulin resistance and a primitive alteration in Leydig cell function in men with various degrees of insulin resistance (11) . Nonetheless, the presence of subtle alterations of Leydig cells function in diabetic patients with normal testosterone values has not been fully elucidated.
Contrasting results have also been reported for the relationship between glycemic control and HPG function (1-3, 5, 7, 12-14) . Visceral obesity, an important cause of insulin resistance and T2DM, has also been involved in the regulation of Leydig cell function. Previous studies showed that obesity and visceral adiposity, as assessed by both body mass index (BMI) and waist circumference, are negatively associated with the traditional marker of impaired Leydig cell steroidogenesis, serum testosterone, in T2DM (2-4, 6, 7) . Studies investigating the role of both degrees of glycemic control and visceral obesity on the HPG function in T2DM patients are not currently available.
Recently, insulin-like factor 3 (INSL3), a member of the insulin-relaxin superfamily of peptide hormones, has been used as a specific marker of Leydig cell differentiation and function, since it appears more sensitive than testosterone itself in evaluating function (15) . Previous reports investigated INSL3 concentrations in adult normal subjects and in men with different testicular disorders, showing a lower amount in subjects with testicular damage (15, 16) and a decrease in its concentration with aging in normal men (17) . INSL3 measurement, as a parameter of the HPG axis impairment, has not been reported in T2DM up to now.
The aim of the present study was to investigate the Leydig cell function and its relationship with either glycemic control or visceral adiposity in a wellcharacterized series of patients affected with T2DM without overt hypogonadism and with different degrees of glycemic control.
Subjects and methods

Study population
Thirty men with T2DM (age 57.1G6.2 years, BMI 28.0G4.3 kg/m 2 ) referred to our units for the management of diabetes were enrolled. Patients affected with overt hypogonadism, defined on the basis of low calculated free testosterone (cFT) levels lower than 5 ng/dl (18) , were excluded from the study. Other exclusion criteria, to avoid the effect of many confounding factors affecting the HPG axis function, were age O65 years, severe obesity (BMI R40 kg/m 2 ), past or present history of alcohol abuse (O40 g/die), a known history of hypogonadism, hypopituitarism, use of drugs interfering with androgen synthesis or action, past history of stroke, past or present history of malignancy, cirrhosis, chronic liver disease, chronic respiratory disease or sleep apnea syndrome, known HIV infection, hemochromatosis and varicocele. Patients with known acute infections, including low urinary tract infections, were also excluded from the study, and both end-stage renal disease and C-reactive protein values were measured in all patients to exclude current asymptomatic inflammatory states. The presence of thyroid dysfunction, hyperprolactinemia, or hypercortisolism was ruled out. Patients with severe diabetic complications were also excluded on the basis of decreased glomerular filtration rate (GFR; defined by a GFR of !60 ml/min per 1.73 m 2 ), decreased left ventricular ejection fraction (EF; diagnosed with a value of EF !50%), proliferative retinopathy (diagnosed through fundus oculi examination), diabetic neuropathy (defined as increase in vibratory perception threshold measured at lower extremity with biothesiometer), and diabetic foot ulcer. Criteria for eligibility included poor (but nonketotic) or optimal glycemic control (defined as glycated hemoglobin levels O9 or !7%, i.e. 15 cases respectively for each subset) for at least 2 months before the evaluation.
Seven patients were treated with diet alone, seven with insulin, and 16 with oral hypoglycemic agents. Thirteen patients were affected with blood hypertension and seven patients were dyslipidemic.
Thirty volunteer age-and BMI-matched healthy men (age 54.4G7.0 years, BMI 26.5G2.9 kg/m 2 ) without hypogonadism were enrolled as controls.
Written informed consent was obtained by all patients and healthy subjects, and the study was approved by the local ethics committees.
Study design and laboratory determinations
The enrolled patients underwent the following detailed evaluation: clinical history collection and physical examination were performed. The presence of erectile dysfunction (ED) was investigated: patients with ED were further interviewed using the previously validated SIEDY structured interview (19) to assess the organic (scale 1 score), relational (scale 2 score), and psychogenic (scale 3 score) contributions to ED. Moreover, a 12-item interview, ANDROTEST (20) , was performed in patients with ED to evaluate the presence of symptoms of hypogonadism: the test was considered pathological with a score O8. Anthropometric measurements included height, weight, waist, and hip circumferences. The waist-to-hip ratio (WHR) was calculated. Visceral obesity was defined as waist circumference R94 cm (21) . Body composition was evaluated in patients by body bioelectrical impedance analysis (BIA), using BIA-101/S body fat analyser (AKERN, Florence, Italy). Blood samples were collected after an overnight fasting between 0800 and 0900 h, for determination of glucose, total and high density lipoprotein cholesterol, triglycerides, albumin, prostate specific antigen (PSA), HbA1c (by standard laboratory methods) levels in all patients. Serum total testosterone, SHBG and LH levels were assessed by an immunofluorometric assay (PerkinElmer AutoDELFIA, Wallac Oy, Turku, Finland) in all patients and controls. To correct the total testosterone concentration for the effect of variable binding with SHBG in subjects with T2DM, free and bioavailable testosterone (cFT and BT) were calculated from testosterone, SHBG, and albumin according to the method of Vermeulen et al. (22) , which has been demonstrated to correlate with free testosterone measured by equilibrium dialysis (23) .
Serum testosterone levels were evaluated also after 5000 IU human chorionic gonadotrophin (hCG) i.m. at 24, 72, and 96 h following the injection in both patients and controls.
INSL3 EIA assay
Serum INSL3 concentrations were measured by a commercially available EIA kit (Phoenix Pharmaceuticals, Belmont, CA, USA) in all patients and controls. All samples were measured at least in duplicates. The INSL3 EIA assay was declared highly specific for the human peptide by the manufacturer (100% cross-reactivity with the human INSL3, 0% cross-reactivity with mouse INSL3, with other human INSLs or human insulin, C-peptide, amylin, glucagon, GLP-1, GLP-2, ghrelin, calcitonin gene-related peptide (CGRP), agouti-related protein (AGRP) (83-132)-amide, and with human, porcine, and rat LHRH).
The INSL3 assay covers a reliable detection range between 0.05 and 2.80 ng/ml serum. The standard curve is well fitted by a four-parameter logistic function, the linear range being 0.15-1.18 ng/ml. A dilution factor of 1:3 for the serum samples of all patients and controls was determined to be appropriate to ensure the samples to be within the dynamic range of the standard curve. Serum INSL3 concentrations were also measured in sera of postmenopausal women (nZ12), considered to be free from INSL3 (24), spiked with defined serial amounts of the synthetic standard peptide (from 0.1 to 1.0 ng/ml). The measured INSL3 concentrations were 98-128% of the added standard, which is an acceptable accuracy. The intra-assay variation, evaluated by six parallel measurements of serum from five samples, ranged 1-5%. The inter-assay variation, evaluated by six separate measurements of the serum from five patients and five controls, ranged 6-15%. The effect of repeated cycles of freezing and thawing was evaluated by aliquoting samples of three controls and measuring the samples (in the same assay) after 0-4 cycles of 1 h freezing (K20 8C) followed by thawing at room temperature. There was no significant effect of repeated freezing and thawing on the measured concentrations of serum INSL3.
Statistical analysis
Data are expressed as meanGS.D. Normal distribution of continuous variables was tested with the Kolmogorov-Smirnov test. Dummy variables, as diabetic comorbidities/complications, poor or optimal glycemic control, and visceral obesity were categorized as 0/1 parameters. The hormonal and other measurements in the different groups were compared using the two-tailed Student's t-test for the normally distributed variables, whereas the nonparametric two-tailed Mann-Whitney test was used for the others. The ANOVA was used to compare the obese, overweight, and normal weight groups of patients. Fisher's exact test or c 2 test was also used to compare the categorical variables among the different groups. Correlations were assessed using the Pearson's correlation coefficient or Spearman rank order depending on whether the data were normally distributed. In all patients, multiple linear regression analysis was performed to evaluate the association between INSL3 levels (dependent variable) and several anthropometric, metabolic, hormonal parameters, and diabetic comorbidities/complications (independent variables). A P value !0.05 was considered significant. Statistical analysis was performed using the SigmaStat for Windows 3.0 software (SPSS Inc., Chicago, IL, USA).
Results
Evaluation of Leydig cell function in T2DM patients
A trend to low total testosterone levels (452.6G130.0 vs 512.6G117.3 ng/dl, PZ0.06) was found in T2DM patients with respect to age-and BMI-matched controls, without any difference in SHBG levels (42.0G16.7 vs 39.0G10.5 nmol/l); however, significantly lower BT (189.7G36.4 vs 237.1G94.1 ng/dl, PZ0.002) and cFT values (8.1G1.6 vs 10.1G4.0 ng/dl, PZ0.002) and higher LH levels (3.5G1.6 vs 2.6G1.2 mU/ml, PZ0.01) were found (Fig. 1) . Serum LH levels ranged 1.1-6.0 mU/ml in controls and 1.0-7.6 mU/ml in diabetic patients.
As far as the study of the testicular secretory reserve was concerned, the peak of testosterone release was observed 72 h after the administration of hCG. In control subjects, the mean testosterone increase was 730.5G70.7 ng/dl. Thirteen patients had a testosterone response similar to controls, while a poor testosterone response (below 2 S.D. from the mean testosterone increase observed in controls) was observed in 17 out of the 30 patients (testosterone net increase 281.5G85.1 ng/dl, PZ0.001).
Interestingly, serum INSL3 concentrations were significantly lower in patients with T2DM than controls (1.1G0.3 vs 1.5G0.7 ng/ml, PZ0.01; Fig. 2 ). No significant correlations were found between serum INSL3 and basal or stimulated testosterone levels, bioT, cFT, PSA, and LH levels.
Influence of glycemic control on the markers of Leydig cell function in T2DM patients
To identify a possible influence of differences in glycemic control on the HPG axis function, a subset of 15 patients with poor glycemic control (group A, HbA1cO9%, age 54.9G6.7 years, BMI 27.7G4.2 kg/m 2 , waist circumference 99.1G12.0 cm) were compared with the other 15 patients with good glycemic control (group B, HbA1c!7%, age 58.6G5.4 years, BMI 28.5 G4.6 kg/m 2 , waist circumference 96.8G13.3 cm). The two groups were similar for anthropometric and metabolic features (Table 1) .
Serum testosterone, as well as BT and cFT values, serum LH, and INSL3 levels were not different between patients with poorly controlled or well-controlled T2DM. Also the testicular response to hCG stimulation was not different between the two subgroups ( Table 1) . The simple correlation analysis did not show any relationship between glycemic control and basal or stimulated hormonal levels, as well as with serum INSL3 levels. Interestingly, the waist circumference (97.9 G12.4 cm) was negatively associated with both basal testosterone (rZK0.374, PZ0.04) and the testosterone peak increase after hCG stimulation (rZK0.511, PZ0.004), though no correlation was found between waist circumference and LH levels. In order to investigate the relationship between the waist circumference and serum INSL3 levels after adjusting for the possible confounding factors, a multivariate analysis has been performed. In the multiple linear regression model, waist circumference, age, hypertension, dyslipidemia, glycemic control, use of insulin or insulin sensitizers, and LH levels were considered as independent variables: only the waist was negatively correlated with serum INSL3 levels (rZ0.647, bZK0.016, PZ0.03). Either BMI or percentage of fat mass, considered as independent variables in this model, did not correlate with serum INSL3 levels.
Effect of visceral adiposity on the markers of Leydig cell function in T2DM patients
Symptoms of sexual dysfunction
The presence of ED was found in 12 out of 30 patients (40%). In all cases, the SIEDY scale 1 score confirmed the presence of an organic disturbance underlying ED, as expected since the diagnosis of diabetes contributes to the scale's score. All the patients with ED had an ANDROTEST score !8.
Patients with ED did not show different basal or stimulated hormonal levels, compared with patients without ED; also serum INSL3 concentrations were not different between patients with or without ED.
Glycemic control did not differ between patients with or without ED (data not shown). As far as anthropometric features are concerned, waist circumference was higher in patients with ED (103.7G13.9 vs 93.9 G9.9 cm, PZ0.03), whereas WHR, BMI, or % fat mass was not different.
Discussion
The frequent occurrence of overt hypogonadism in men with T2DM has been recently reported (2, 3, 6, 7) . Indeed, the present findings firstly suggest the existence of subtle alterations at gonadal level also in diabetic patients with normal testosterone values, regardless of the presence of symptoms of androgen deficiency. The global impairment of Leydig cell function in T2DM is confirmed by the finding of reduced circulating levels of INSL3, a novel peptide hormone mainly derived from Leydig cells (15, 16, 25, 26) , which have been indicated as an absolute measure of either quality or number of the Leydig cells, independently from gonadotropin stimulation (16, 17, (27) (28) (29) (30) . The higher LH levels in diabetic patients than in controls, though in the normal range, might suggest that when few or poor-quality Leydig cells are present, more LH is required to achieve normal circulating testosterone levels. Since the presence of the INSL3 receptor has been demonstrated at pituitary level, a possible negative feedback of INSL3 has also been hypothesized (15) . Finally, the observation of an inadequate testosterone response to hCG administration in a relevant number of cases is in line with the hypothesis of an early primary Leydig cell impairment in patients with T2DM without severe obesity. Indeed, both hypothalamic/pituitary and testicular defects have been associated with the presence of low testosterone levels in T2DM. Inappropriately normal gonadotropin levels that rose after GnRH in hypogonadal type 2 diabetic patients, as well as low gonadotropin levels in hypogonadal compared with eugonadal T2DM patients, have been reported, suggesting a hypothalamic defect, ascribed to the presence of obesity/insulin resistance (2, 10, 31) . Therefore, patients with severe obesity were excluded from the present study. The present findings in T2DM patients are in line with Pitteloud et al. (11), who investigated the HPG axis in men with impaired glucose tolerance and found a low testosterone responsiveness to hCG administration. The authors reported a strong correlation between insulin sensitivity and the testosterone response to hCG, while no relationship between insulin sensitivity and some parameters of LH secretion was found, suggesting that insulin resistance is in part associated with a decrease in Leydig cell testosterone secretion (11) . Unfortunately, due to the presence of different confounding medications, as insulin sensitizers or exogenous insulin itself, we could not provide an index of insulin resistance in our population. Finally, hyperleptinemia has been reported to impair Leydig response to hCG in obese subjects (32) . Hyperleptinemia, which is common also in diabetic patients, might contribute to the reduced testosterone response to hCG observed in the present series.
Serum INSL3 levels have been reported to be significantly correlated with testosterone and LH levels in patients with testicular disorders (15, 16) . In the present study, INSL3 was successfully detected in the serum of both diabetic patients and controls by the EIA assay giving results similar to previous data obtained by the INSL3 time-resolved fluorescence immunoassay (TRFIA) (16, 17) . Nonetheless, serum INSL3 levels did not show a significant correlation with both testosterone and LH levels in diabetic patients and controls. This lack of correlation might be related to the low degree of the Leydig cell function impairment, as a significant correlation between serum INSL3 and testosterone or LH levels has not been reported also in a large cohort of healthy men (17) . Indeed, we cannot exclude that it might depend on the small size of our series. As far as the association between glycemic control and Leydig cell function is concerned, no differences in the HPG axis or in INSL3 concentrations were found, when comparing patients with poor and good glycemic control. Previous studies taking into account the glycemic control in the evaluation of diabetesrelated hypogonadism reported conflicting results, showing either an association (1, 12, 13) or a lack of association (2, 3, 5, 7, 14) between glycemic control and testosterone levels. Our findings suggest glycemic control as an unlikely major determinant factor affecting Leydig cell function or the HPG axis at various levels, whereas it may be a confounding factor in type 2 diabetic patients.
Interestingly, a relevant finding of our study is the negative association between visceral adiposity and either markers of Leydig cell function, as serum testosterone levels in basal conditions and after hCG administration, and the new marker INSL3. This negative association between obesity and INSL3 levels has been recently reported in severe obese subjects by Foresta et al. (33) . Indeed, we found that waist circumference, rather than BMI, is inversely associated with INSL3 levels in diabetic patients. Recent studies showed an association between visceral adiposity and low testosterone levels in T2DM (4, 6) , partly attributed to the hypogonadal-obesity cycle, involving an increased aromatase activity of visceral adipocytes (34) . Moreover, it is well known that visceral adipose tissue is able to produce and release a wide variety of pro-and anti-inflammatory cytochemokines, as leptin or tumour necrosis factor-a, possibly affecting Leydig cell steroidogenesis also in humans (11, 32, (35) (36) (37) . Therefore, it is tempting to speculate that the chronic low-grade inflammatory syndrome associated with visceral obesity and T2DM may affect the overall Leydig cell function. It is of note that the presence of LH levels in the normal range, although higher than controls, in T2DM patients with reduced INSL3 levels might depend on an inhibitory effect of adipocytokines on the hypothalamic-pituitary axis: this finding is in line with the high incidence of hypogonadism, even with normal LH levels, in obese men (38) .
Though the ED was present in 40% of the present series of nonhypogonadal diabetic patients, no significant correlation between ED and gonadal function as well as glycemic control could be found. Indeed, visceral adiposity was associated with ED, in agreement with recent reports (39) (40) (41) .
In conclusion, the present data from a small cohort suggest that an early Leydig cell impairment may be found in T2DM patients without overt hypogonadism and that it does not seem to be related to ED symptoms and glycemic control. The presence of an association between these alterations and visceral adiposity supports the relevance of visceral obesity evaluation in these subjects.
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